The actions of ACh in the medial habenular nucleus (MHb) were investigated using extra-and intracellular recording techniques in guinea pig thalamic slice maintained in vitro. Applications of ACh to MHb neurons resulted in rapid excitation followed by inhibition. Neither of these responses was abolished by blockade of synaptic transmission, indicating that they are consequences of ACh action directly on MHb cells. Local applications of the nicotinic agonists nicotine and cytisine caused long-lasting excitation, while applications of another nicotinic agonist, 1,l -dimethyl4-phenylpiperazinium caused both the excitatory and inhibitory responses. Applications of the muscarinic agonists DLmuscarine and acetyl-B-methylcholine did not consistently cause either the excitatory or inhibitory response. Adding the nicotinic antagonist hexamethonium to the bathing medium blocked both the excitatory and inhibitory ACh responses, while addition of the muscarinic antagonists atropine or scopolamine had no effect. These results indicate that the effects of ACh on MHb neurons are mediated by nicotinic receptors.
The medial habenular nucleus (MHb) is a collection of closely spaced cells on the dorsal-medial surface of the thalamus. This nucleus receives its major input via the stria medularis from the postcommissural septum (Gottesfeld and Jacobowitz, 1979; Herkenham and Nauta, 1979; Contestabile and Fonnum, 1983) and gives rise to a large axonal projection through the fasciculus retroflexus to the interpeduncular nucleus at the base of the brain (Herkenham and Nauta, 1979) . Both the afferents and efferents of the MHb have been proposed to be at least in part cholinergic (Kataoka et al., 1973 (Kataoka et al., , 1977 Kuhar et al., 1975; Gottesfeld and Jacobowitz, 1979; Vincent et al., 1980; Contestabile and Fonnum, 1983; Houser et al., 1983; Villani et al., 1983; Keller et al., 1984; Woolf and Butcher, 1986) . Recent immunohistochemical studies for choline acetyltransferase (ChAt), the synthesizing enzyme for ACh, show that the ventral portions of the MHb as well as many fibers in the fasciculus retroflexus are heavily reactive (Houser et al., 1983) . Lesions of the septal region, stria medularis, MHb, or fasciculus retroflexus reduce ChAt activity in both the medial habenular and interpeduncular nuclei (Kataoka et al., 1973 (Kataoka et al., , 1977 Jacobowitz, 1978, 1979; Vincent et al., 1980; Contestabile and Fonnum, 1983; Contestabile and Villani, 1983) . These results imply that the MHb may receive a cholinergic projection from the diagonal band/posterior septal region, while the interpeduncular nucleus may receive a choline& input from this region as well as from the medial habenular nuclei (however, see Woolf and Butcher, 1985) .
Autoradiographic localization of putative cholinergic receptors shows that the MHb contain a high density of nicotinic, but not muscarinic, receptors (Rotter et al., 1979; Martin and Aceto, 1981; Clarke et al., 1984 Clarke et al., , 1985 Rainbow et al., 1984; London et al., 1985) . Furthermore, recent autoradiographic labeling of the presumed a-subunit of neural nicotinic receptors shows that the MHb is heavily reactive (Boulter et al., 1986; Goldman et al., 1986) . These results indicate that cholinergic transmission in the MHb may be largely nicotinic.
Intracellular studies of the postsynaptic actions of ACh in the CNS have been almost exclusively limited to those involving muscarinic receptors (see references in KrnjeviC, 1975, and Prince, 1986a, b) . Traditional nicotinic receptor-mediated excitation, similar to that seen in the Renshaw cells of the spinal cord (Curtis and Ryall, 1966) , has been observed in only a limited number of nuclei, including the interpeduncular nucleus (Brown et al., 1983; Takagi, 1984) and perhaps some nuclei of the brain stem (Bradley and Dray, 1972) , hypothalamus (Cobbett et al., 1986) , and thalamus (Phil& 197 1) .
In this study, we describe a rapid nicotinic excitatory response to ACh in the MHb that appears to be due to an increase in membrane cation conductance. 5 set
Materials and Methods
Procedures for preparing thalamic slices and obtaining intracellular recordings from them have been described previously (Jahnsen and Llinls, 1984; McCormick and Prince, 1986b) . Male or female adult guinea pigs were anesthetized with sodium pentobarbital (30 mg/kg) and decapitated. A block of thalamus and cortex containing the MHb was rapidly removed, placed in cold (5°C) slice solution, and cut into 400-500 PM slices on a vibratome (Lancer Corporation). Slices were maintained in an interface type recording chamber at a temperature of 36 + 1°C. The control bathing medium contained the following (in mM): NaCl, 124; KCl, 2.5 or 5;MgSO,, 2; NaH,PO,, 1.25; NaHCO,, 26; CaCl,, 2;'and dextrose. 10. When divalent cations (e.g.. Mn2+) were added, PO, and SO, were omitted to prevent precipita& and the solution contained the following: NaCl, 132; KCl, 5; MgCl,, 2; NaHCO,, 22; and dextrose, 10. The slice solution was saturated with 95% 0,/5% CO, and buffered to pH 7.4.
All agonists were applied using the pressure pulse technique. Brief oulses of oressure lannroximatelv 40 nsi (280 KPa). 10 msecl were used io extrude approximately O. l-5-pl of agonist-containing slice solution from a broken micropipette. Repeated applications of ACh at different depths in the slice were used to find a region from which robust responses were obtained. In experiments in which acetyl-@-methylcholine (MCh) was to be applied, the site of best response to ACh was first determined and a second microelectrode containing MCh was lowered to approximately the same point in the slice. To further insure an adequate application of MCh, the volume of application was increased to 10-l 5 pl at a concentration of 5 mM. Nicotine, cytisine, and 1,l -dimethyl-4-phenylpiperazinium (DMPP) were applied only to the surface of the slice since this was found to be sufficient to cause large responses. Antagonists were applied in the bathing medium. All drugs were obtained A second application of ACh during the inhibitory period results in an additional excitatory-inhibitory sequence, indicating that the inhibition is not a result of depolarization block. Application of glutamate to this neuron also causes excitation followed by inhibition. B, Anolication of ACh to this MHb _-neuron in normal solution causes the typical excitation-inhibition sequence. Stimulation in the region of the stria medularis fiber pathway (filled circle) consistently activates an action potential (B: right, arrow). C, After approximately 30 min in Mn*+ (5 mM) and 0 Ca*+ containing solution, the neuron still responds to ACh with an excitation and inhibition, although the spontaneous firing rate in this neuron has decreased. Stimulation of synaptic inputs (C, right) does not activate action potentials, indicating that synaptic transmission is blocked. The ACh-induced excitatory response is reduced in Mn*+, low CA2+, perhaps due to hyperpolarization of the neuron, as indicated by the reduced spontaneous firing rate, or some change in spike threshold during 5 mM Mn2+ perfusion. Calibrations under first and second segments of C are also for comparable segments of B.
from Sigma. The MHb could be readily identified in the thalamic slice under the dissecting microscope. It lay on the most dorsomedial aspect of the thalamus. iust dorsal and medial to the end of the fasciculus retroflexus.
"
Intracellular recordings were obtained with microelectrodes fabricated on a Brown and Flaming P-go/PC Duller and beveled to a final resistance of 150-l 75 MQ. Bridge balance was continuously monitored. Only neurons with steady resting membrane potentials of at least -50 mV and overshooting action potentials were included in the intracellular study. Extracellular recordings were obtained with broken intracellular microelectrodes filled with the bathing medium. These microelectrodes had a resistance of 10-25 MQ. All data were recorded on tape (O-5 KHz for intracellular recordings; 300-5 KHz for extracellular units) and a strip-chart recorder. In some experiments, extracellular [K] was measured using valinomycin K+-sensitive microelectrodes (Oehme and Simon, 1976) connected to an axoprobe-1 amplifier (Axon Instruments). These K+ -sensitive microelectrodes registered no response when placed in the ACh-containing application solution, indicating that our [K], measurements were not contaminated by applications of this agent.
Results

Extracellular
single-unit recordings indicated that the neurons of the MHb are spontaneously active in the slice, firing in a regular, repetitive manner at approximately 2-6 Hz ( Fig. 1) . Application of ACh (OS-l.0 mM) to MHb neurons resulted in a short-latency excitation followed by a period of inhibition of spike discharge (Fig. 1A) . Similar responses were obtained from neurons at all locations within the nucleus (e.g., ventral versus However, the action potentials usually began to recover before dorsal). The inhibitory response always occurred after the initial the period of inhibition, indicating that the late period of spike excitation and was never seen in isolation. The duration and inhibition was not merely the result of depolarization block intensity of both the excitation and inhibition became greater (Brown, 1980) . This conclusion was supported by the finding with increasing doses of ACh. Applications of the excitatory that additional applications of ACh or of Glu during the late amino acid glutamate (Glu, 1 mM) resulted in a similar excitatoperiod of inhibition resulted in an additional excitatory-inhibry-inhibitory response (Fig. 1A) . The excitatory responses to itory sequence (Fig. lA, second and third ACh applications). ACh and Glu were often associated with a transient decrease in Interestingly, in many cells, the first few spikes after the period action potential amplitude and an increase in action potential of inhibition had amplitudes that were generally larger than width. The action potential amplitude could even be transiently those of spikes before ACh application (e.g., Fig To test whether the excitatory-inhibitory responses to ACh were direct on the cells recorded or were mediated through the release of another neurotransmitter, sagittal thalamic slices were bathed in solutions containing Mn2+ (3-5 mM) and low Ca2+ (0.0-0.5 mM) to block synaptic transmission. Before block of synaptic transmission, both stimulation of the stria medularis fiber pathway ( The ACh-induced excitation was followed by the typical period of inhibition (Fig. le) . After approximately 30 min of exposure to the Mn2+, low Ca*+ solution, the synaptically evoked excitatory response was completely blocked, but the ACh-induced excitation and inhibition were not (n = 6; Fig. lc ). In fact, bathing the slices for more than 1 hr in 0.0 mM Ca*+, 5 mM Mn2+ did not block either spontaneous activity or the excitatory and inhibitory ACh responses. These results indicate that both the excitatory and the inhibitory responses of MHb neurons to ACh are a consequence of direct action on the neuron studied and not mediated through the release of other neurotransmitters. Furthermore, the persistence of spontaneous activity in the nucleus following synaptic blockade indicates that this activity is intrinsic to MHb neurons and is not due to external synaptic drive.
Rapid excitatory responses to ACh have been associated with nicotinic as well as muscarinic receptors (Curtis and Ryall, 1966; Krnjevic, 1975; Brown, 1980; Volle, 1980; Takagi, 1984; , while inhibitory responses are usually associated with receptors of the muscarinic type (e.g., see Krnjevic, 1975; McCormick and Prince, 1986a) . We investigated the pharmacological profile of the receptors mediating the responses of MHb neurons to ACh, using typical nicotinic and muscarinic agonists and antagonists. Local application of the nicotinic agonists nicotine (1 mM; n = 10) or cytisine (1 mM; n = 4) resulted in prolonged excitation, which was gradual in both its rise to peak firing frequency and decay back to baseline firing rates (Fig. 2, C, D) . Inhibition was absent or only very weak. In contrast, application of the nicotinic agonist DMPP (Chen et al., 1951; see Table 2 in Gyermek, 1980) (1 mM; n = 7) caused excitation followed by prolonged inhibition (Fig. 2B) . In general, the excitatory responses to DMPP were stronger and more rapid in onset and offset than responses to a similar application of nicotine or cytisine but not as rapid as responses to ACh. The ability of DMPP, but not nicotine, to generate the inhibitory response may be related to the prolonged action of nicotine due to its uptake and slow release by brain tissue (Brown et al., 1971) .
In contrast to applications of nicotinic agonists, application of the muscarinic agonist MCh (5 mM; n = 9) (Curtis and Ryall, 1966 ) most often did not cause a response, though weak excitation or weak inhibition was occasionally seen with large doses Adjusting the injected DC so as to compensate for the ACh-induced depolarization shows that ACh causes an increase in membrane conductance during the response associated with a peak inward current of approximately 170 pA (A, right). Upper truces are the current monitor, with hyperpolarizing current pulses being delivered at a rate of 1 Hz. B, Application of ACh to another MHb neuron causes typical depolarization, while application of the muscarinic agonist acetyl-@-methylcholine (MCh) evokes only a very small response. C, Application of a small amount of nicotine to the surface of the slice causes a large and prolonged depolarization. D, Manual voltage clamp so as to maintain a relatively constant membrane potential following nicotine application. Nicotine causes a large increase in membrane conductance, as indicated by a decrease m membrane electrotonic responses to hyperpolarizing current pulses. Current monitor shows that nicotine induces an inward current with a peak amplitude of about 660 PA. Calibration in B also for A and in D also for C and current trace of A.
( Fig. 2E) . Similarly, applications of DL-muscarine (10 mM; n = 4) resulted in no response (Fig. 2fl . These results indicate that the ACh-induced excitation and inhibition is the result of activation of nicotinic receptors. To confirm this hypothesis we added the specific nicotinic antagonist, hexamethonium (Paton and Zaimis, 195 1; Brown, 1980) , 100-500 PM, to the bathing medium (Fig. 3A) . Hexamethonium reversibly antagonized both the excitatory and inhibitory responses to ACh (n = 5). Bath applications of the muscarinic antagonists scopolamine or atropine (10 MM), on the other hand, did not affect the ACh-induced excitation or inhibition ( Fig. 3B ; n = 4). These findings support the conclusion that ACh responses of MHb neurons are the result of the activation of nicotinic receptors.
Intracellular recordings Intracellular recordings from MHb neurons in the ventral half of the nucleus indicated that these cells are remarkable for the presence of rather large input resistances of 50-500 MB (x = 144 t-110 MB) and large afterhyperpolarizations (AHPs) (14-45 mV, 0.2 to > 1 set at firing threshold in 2.5 mM K), which followed even a single action potential (Fig. 4, A, B) . Spontaneous activity was characterized by action potentials followed by AHPs that appeared to have both fast and slow components (Fig. 4, A, B) . The large AHPs were associated with a substantial increase in membrane conductance and had a reversal potential of -88.1 mV (k3.3 mV, n = 6) in 5.0 mM extracellular K (Fig.  4C) and -106.7 mV (k3.9 mV, n = 4) in 2.5 mM K. This shift in equilibrium potential (62 mV per lo-fold change in [K],) indicates that the AHP is probably due to activation of a K current, as in other regions of the CNS (Hotson and Prince, 1980; Madison and Nicoll, 1984) . MHb neurons completely lacked the low-threshold, voltage-sensitive, slow Ca2+ spike characteristic of other thalamic neurons (Jahnsen and Llinas, 1984; Wilcox et al., 1985) .
To prevent the confounding factors associated with spontaneous neuronal discharge during applications of ACh, all cells were hyperpolarized with intracellular injection of DC before applications of agonists. After a few minutes of hyperpolarizing current injection, most MHb neurons spontaneously hyperpolarized to such an extent that resting potential remained below firing threshold after removal of the holding current, even though the same cells were originally spontaneously active upon initial stabilization of the membrane potential (e.g., Fig. 4 ). Under these circumstances, the average resting membrane potential was -63 mV (& 6.5 mV) and action potential amplitude was 76 mV (k 10.6 mV).
Brief (ca. 10 msec) pressure pulse applications of ACh to MHb neurons always resulted in a rapid depolarization with an onset latency that could be as brief as the delay imposed by the application system (i.e., approximately 10 msec) and a duration of approximately 0.5-5 seconds (Fig. 5, A, B) . In most cells, these applications of ACh were kept small so as to avoid the generation of action potentials. Larger ACh applications, which generated action potentials, were associated with large membrane depolarizations followed by a hyperpolarization (see below). When long-duration (3-6 set), low-pressure ACh pulses were applied, square-shaped depolarizations were evoked (Fig.  5A, second response) . When intracellular injection of hyperpolarizing current was used to compensate for the ACh-induced depolarization, it was clear that ACh caused an increase in apparent membrane conductance (G,), which ranged from 3 to > 7 nS (Fig. 5A , third application). Much larger increases in G,., occurred with larger applications of ACh (e.g., see Fig. 7A ). The nicotinic nature of this response was confirmed with intracellular recordings by applications of nicotine (Fig. 5 , C, D) and MCh (Fig. 5B) . Small applications of nicotine to the surface of the slice resulted in large depolarizations (Fig. 5C) . When the injected current was adjusted during these responses so as to maintain a relatively constant I',,,, it was apparent that nicotine caused a large increase in G, of 5 to > 10 nS (Fig. SD) . In contrast, applications of the muscarinic agonist MCh resulted in either no response or only very small depolarizations, whereas ACh caused the typical rapid excitatory response when applied to the same neurons (Fig. 5B) .
Reversal potential of ACh-induced depolarization The rapid excitatory response to ACh varied in amplitude when tested at various V,'s (Fig. 6) . The response was largest at hyperpolarized V,,,'s, smallest at depolarized Vm's, and had extrapolated reversal potentials of -40 to +5 mV (2 = -16.7 + 18.1 mV, n = 5) (Fig. 6, A, B) . In most MHb neurons, the input resistance appeared to be relatively constant over the range of V,'s tested (e.g., cell 2, Fig. 6A ). However, in some neurons, R, decreased substantially with depolarization (e.g., Cell 1, Fig.  6A ). The possible effects of these nonlinearities in R, upon the F&we 7. Characteristics of ACh-induced hyperpolarization. A, Large apnlication ofACh to a MHb neuron held hear firing threshold (-65 mV) causes a large depolarization and the generation of action potentials followed by a hyperpolarization. Both responses are associated with substantial increases in GN. A second application of ACh at -90 mV results in a relatively steady membrane potential during the period of the hyperpolarizing response of the -65 mV application as G, gradually returns to normal. Application of ACh with the cell hyperpolarized to -105 mV results in a slow depolarization during the inhibitory period, indicating that the hyperpolarization has been reversed. B, Plot of percentage peak hyperpolarization versus percentage peak change in G,. Data were obtained from measurements at the peak of the hyperpolarization (100%) and as the membrane potential returned to normal for 8 cells that had first been depolarized to near firing threshold with intracellular injection of DC. Change in conductance (AG,) was calculated as the input conductance during the hyperpolarization minus the input conductance at a comparable membrane potential after the response was over. The data are expressed as a percentage of the AG, at the peak of the hyperpolarization. Note that the 2 measures are highly correlated (r = 0.92), and as the change in conductance declines to zero, so does the hyperpolarization. Different symbols represent different MHb neurons. ACh I 1 set projected reversal potential were corrected by dividing the amplitude of the ACh response by R, at each V, tested. The projected reversal potential for ACh-induced depolarizations in MHb neurons after correction for nonlinearities in R, was -14.7 mV (f 18.5). Furthermore, given that the amplitude of the ACh response varied as a relatively linear function of V,,,, it was also possible to calculate the extrapolated reversal potential of the ACh induced depolarization utilizing the manual voltage clamp technique and the following equation: V,,,, = Vclamp + I,,,,/ AG, (Ginsborg, 1967) . Using this approach, the calculated reversal potential of the ACh-induced rapid excitation was -28 to+8mV(8=-11.3? 13SmV,n=4),inagreementwith the above current-clamp results.
Postexcitatory hyperpolarization
Applications of ACh that generated large depolarizations and action potentials caused a postexcitatory hyperpolarization (n = 14; Fig. 7A ; -65 mV application). When MHb neurons were allowed to be spontaneously active, application of ACh resulted in a rapid depolarization associated with the generation of action potentials, followed by a hyperpolarization during which the spontaneous spike activity ceased. The duration of this post-4 =j$y~, . , , . . . , % peak AG, excitatory hyperpolarization (X = 7.4 f 4.0 set; n = 14) was similar to that of the inhibition seen in the extracellular recordings (e.g., see Figs. l-3 ). The similarity in duration and the ability of the hyperpolarization to inhibit ongoing spike activity indicated that this response underlies the postexcitatory inhibitory phase seen with ACh applications during extracellular recordings (see Fig. 1 ). Therefore, we refer to this period of hyperpolarization as "ACh-induced inhibition or hyperpolarization" while making no assumptions as to whether this effect is direct (e.g., direct coupling of ACh receptors to K+ channels) or indirect (e.g., caused by the previous generation of action potentials). A comparison of the amplitude of V, changes evoked by current test pulses during the ACh-induced hyperpolarization, versus those at similar V,'s after the response was over, revealed that the agonist-induced hyperpolarization was associated with an increase in membrane conductance of 3-45 nS (z = 16.8 + 12.4 nS) at its peak. When ACh was applied with the neuron held at various V,,,'s, the evoked hyperpolarization became smaller at more negative values and could be reversed to a slow depolarization (Fig. 7A) . The reversal potential of the AChinduced hyperpolarization varied depending upon whether the early or late components of the response were measured. The early portions (Fig. 7A , first arrow) reversed at a much more positive membrane potential than the later components (Fig.  7A, second arrow) . These results indicate that the ACh-induced depolarization and hyperpolarization interact substantially during at least the early phases of the inhibitory response. However, it was usually possible to find a membrane potential at which the later components of the hyperpolarization were at a stable equilibrium potential as GN increased back to normal (Fig. 7A , -90 mV application). This equilibrium potential varied from -75 to -90 mV in 2.5 mM K-containing bathing medium. The presence of an increase in membrane conductance and a demonstrable reversal potential would seem to indicate that the hyperpolarizing response is due to an increase in membrane conductance to one or more ions, as opposed to activation of an electrogenic ionic pump (Brown et al., 1972; Nicoll and Alger, 198 1; Thompson and Prince, 1986) . However, similar results could be obtained if there were substantial overlap between an ACh-induced excitation and a strong electrogenic ionic pump. In this situation the apparent increase in membrane conductance during the hyperpolarization could be caused by the residual increase in cation conductance to ACh, while the apparent reversal potential would represent the V, at which the depolarizing inlhtence of the cation conductance is at equilibrium with the hyperpolarizing influence of the electrogenic ionic pump. To obtain some indication ofwhether the increase in membrane conductance was related to the generation of the hyperpolarization or merely reflected the residual influence of ACh upon cation channels, we plotted the relative amplitude of the change in neuronal input conductance (calculated as the difference in G, during the ACh response and that at a similar V, after the response was over) versus the relative amplitude of the hyperpolarizing phase (Fig. 7B) . Such plots revealed that these 2 measures of the response parallel each other quite well, although in a somewhat curvilinear manner (Fig 7B) . This nonlinearity may be due to a number of factors, including changes in the driving voltage between V, and the reversal potential during different parts of the response, decay of a possible residual influence of the previous depolarization, or [K] , changes. The Pearson's correlation coefficient for these data ranged from 0.90 to 0.99 for individual cells and 0.92 (p < 0.001, G!!= 49) for all cells normalized to the same peak response (Fig. 7B ) even in the presence of this nonlinear relationship. This result is most readily explained if the hyperpolarization is caused by an increase in membrane conductance to K or Cl, as opposed to activation of an electrogenic ionic pump.
The range at which the ACh-induced hyperpolarization reversed (-75 to -90 mV) is significantly positive to expected EK (-106.7) in 2.5 mM [K] , (as measured from the reversal potential ofthe spike AHP). However, given the close apposition of MHb neurons to one another, often without intervening glial processes (Tokunaga and Otani, 1978) , and the apparent increase in cation conductance during the ACh-induced depolarization, a substantial increase in extracellular [K] might be expected, thereby altering E,. We tested this possibility by performing simultaneous extracellular [K] measurements with valinomycin K+-sensitive microelectrodes and single-unit recordings with a second independent microelectrode during applications of ACh (Fig. 8) . ACh caused an increase in [K], up to peak levels of 15 mM from a baseline level of 2.5 mM during the period of excitation. This increase in [K] , gradually returned to normal over the course of many seconds (Fig. 8) , with [K] , often being in the range of 5-8 mM during the period of inhibition (Fig. 8) . Given an [K], of 5-8 mM, a reversal potential of -75 to -90 mV is exactly as expected for increases in membrane K conductance (see above and McCormick and Prince, 1986a) , indicating that the ACh-induced inhibition could be entirely due to an increase in gK.
Discussion
The results of the present study indicate that MHb neurons possess nicotinic receptors that, when activated, cause a rapid excitation through an increase in membrane conductance. The average extrapolated reversal potential of this response (-11 to -16 mV) agrees well with that for ACh nicotinic responses in the PNS and neuromuscular junction, where ACh is known to cause an increase in membrane conductance to cations (Takeuchi and Takeuchi, 1960; Dennis et al., 1971; Gallagher et al., 1982) . These results suggest that the ACh-induced rapid excitation in the MHb is also mediated by an increase in membrane conductance to cations. The presence of strong nicotinic responses and the apparent lack of muscarinic components following ACh applications to the MHb is consistent with autoradiographic findings that show that this nucleus has a high density of nicotinic, but not muscarinic, receptors (Rotter et al., 1979; Martin and Aceto, 1981; Clarke et al., 1984 Clarke et al., , 1985 Rainbow et al., 1984; London et al., 1985) . The block of ACh responses by hexamethonium indicates that the nicotinic receptor in the MHb may be of the ganglionic (versus neuromuscular) type (Brown, 1980; Goldman et al., 1986) .
A cholinergic synaptic input to the MHb has not yet been proven. It has been proposed that the MHb receives a cholinergic input from the postcommissural septal region (Kataoka et al., 1977; Gottesfeld and Jacobowitz, 1979; Contestabile and Fonnum, 1983) . Recent double-labeling experiments (retrograde fluorescent dyes and ChAt immunoreactivity or AChE staining) indicate that the habenular nuclei may also recieve a cholinergic input from the horizontal limb of the diagonal band, magnocellular preoptic area, and the pedunculopontine and dorsolateral tegmental nuclei of the brain stem (Woolf and Butcher, 1986) . However, the latter study did not determine which of the habenular nuclei (medial versus lateral) were the recipients of this presumed cholinergic innervation. Other anatomical studies confirm the presence of a projection to the MHb from the horizontal limb of the diagonal band (Domesick, 1976; Herkenham and Nauta, 1977) . Much of the evidence for a cholinergic input to the MHb is based upon the loss of ChAt activity in the MHb after lesions of the septal region or stria medularis fiber pathway. Since some MHb neurons themselves appear to possess intrinsic ChAt activity (Houser et al., 1983; Keller et al., 1984) , it is possible that these lesion-induced reductions in ChAt levels are transynaptic and not due to the loss of cholinergic terminals per se. Given the possible cholinergic nature of MHb neurons, an additional possible source of cholinergic input is recurrent collaterals within the nucleus itself (Iwahori, 1977) . Confirmation of a cholinergic pathway to the MHb must await combined ChAt immunocytochemistry and electron microscopy. Our data do indicate that activation of such an input would almost certainly cause rapid nicotinic excitation. If this excitation were of sufficient amplitude, a postexcitatory period of inhibition would be expected, as reported here.
A number of different mechanisms may underlie the AChinduced inhibition including: (1) direct coupling of nicotinic receptors to inhibitory mechanisms; (2) an indirect response due to an increase in intracellular [Ca*+] that activates a Casensitive K conductance (gK&); (3) activation of an electrogenic ionic pump due to changes in distribution of ions across the cell membrane during the previous depolarization; and (4) activation of voltage-dependent inhibitory mechanisms by the previous depolarization alone.
Where they have been extensively investigated, direct inhibitory responses to ACh have been associated largely with muscarinic receptors (e.g., see Krnjevic, 1975; McCormick and Prince, 1986a, b) . Therefore, a direct mediation of the inhibitory response by nicotinic receptors in the MHb would be highly unusual. Rather, our data suggest that the inhibitory response is an indirect consequence of the preceding ACh-induced depolarization. Indeed, applications of another excitatory agent, Glu, or direct depolarization alone was also associated with postexcitatory periods of inhibition (Figs. lA, 4C) . In other regions of the nervous system, trains of action potentials are often associated with an AHP (Hotson and Prince, 1980; Morita et al., 1982; Madison and Nicoll, 1984; that appears to be due in large part to activation of specialized K conductances by increases in intracellular [Ca*+] during the preceding depolarization. Glutamate-induced depolarizations of hippocampal pyramidal cells may also cause activation of a Ca-sensitive K current (Nicoll and Alger, 198 1) . MHb neurons respond to direct depolarization with an unusually large AHP (see Fig. 4 ). The reversal potential of this AHP is consistent with the presumed equilibrium potential for K-mediated slow hyperpolarizations in other thalamic neurons (McCormick and Prince, 1986a) , although its Ca*+ dependency is not yet known. The presence of this large AHP following even a single action potential (Fig. 4, A, B) raises the possibility that the inhibition which follows ACh-induced excitation may merely be a prolonged response of the same type.
The most parsimonious explanation for our data is that the ACh-induced hyperpolarization is due to activation of some hyperpolarizing current. One possibility, therefore, is that the inhibitory response may in large part be due to a K conductance activated by Ca entry through the nicotinic channels (Dwyer et al., 1980) opened by ACh. If one takes into account the increase in [K] , during the ACh-induced inhibitory responses (5-8 mM; Fig. 8 ), then a reversal potential in the range of -75 to -90 mV is exactly what would be expected if the hyperpolarization were due predominately to activation of a K conductance. However, we were unable to block the inhibitory phase of ACh responses by bathing the slices in 0.0 Ca*+ and 5 mM Mn*+, a procedure that should greatly reduce Ca entry into depolarized neurons and therefore reduce Ca-activated K currents (e.g., Hotson and Prince, 1980; Madison and Nicoll, 1984) . Although not conclusive, these data suggest that the ACh-induced inhibition is mediated by an increase in gK other than that associated with entry of Ca*+ into the MHb cells.
Extensive exposure (over minutes) of neurons in the peripheral ganglia to cholinergic agonists causes a postexcitation inhibition. This inhibition is due to activation ofelectrogenic ionic pumps (Brown et al., 1972; Volle, 1980) . Similarly, large applications of Glu to hippocampal pyramidal cells also result in activation of an electrogenic ion pump (Thompson and Prince, 1986) . These postexcitatory hyperpolarizations, in contrast to those reported here, are associated with little or no increase in input conductance. Our limited data would argue against the major involvement of such ionic pumps in the ACh-induced inhibition of MHb neurons. However, it is entirely possible that all of the mechanisms mentioned above are involved to varying degrees (e.g., see Baylor and Nicolls, 1969) , with the relative contribution of each perhaps depending upon the length of exposure to ACh. The neural mechanisms underlying this hyperpolarizing response will require further study.
Although nicotine is one of the drugs most widely used by modem man, the mechanisms by which it produces effects on the CNS are largely unknown. To date, only a few subcortical regions of the CNS are known to contain neurons that have rapid nicotinic excitatory responses. These include the MHb (this study), interpeduncular nucleus (Brown et al., 1983; Takagi, 1984) spinal cord (Curtis and Ryall, 1966) , and perhaps some regions of the thalamus (Phillis, 197 l) , brain stem (Bradley and Dray, 1972) , and hypothalamus (Cobbett et al., 1986) . Nicotinic receptors or receptors having mixed nicotinic-muscarinic properties have also been implicated in the regulation of synaptic transmission in the hippocampus and interpeduncular nucleus (Rovira et al., 1983; Brown et al., 1984) .
Given the prevalence of nicotinic receptors in the MHb and interpeduncular nuclei and their known connections with the forebrain limbic system, as well as their possible involvement in many different complex behaviors, it is reasonable to suggest that some of the central actions of nicotine may be mediated through increased activation of these nuclei.
